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Chronic ethanol abuse and haemorrhagic shock are major causes of global mortality and, separately, induce profound
hepato- and immune-toxic effects via activation of NF-κB. Here, we assessed the effects of chronic ethanol intake upon the
pathophysiological derangements after haemorrhagic shock with subsequent resuscitation (H/R), with particular attention to
the contribution of NF-κB.
EXPERIMENTAL APPROACH
Transgenic NF-κBEGFP mice, expressing the enhanced green fluorescent protein (EGFP) under the transcriptional control of
NF-κB cis-elements were fed a Lieber-DeCarli diet containing ethanol (EtOH-diet) or an isocaloric control diet for 4 weeks and
were then pairwise subjected to H/R. Liver tissues and peripheral blood were sampled at 2 or 24 h after H/R. Cytokines in
blood and tissue and leukocyte activation (as CD11b expression) were measured, along with EGFP as a marker of NF-κB
activation.
KEY RESULTS
The EtOH-diet increased mortality at 24 h after H/R and elevated liver injury, associated with an up-regulation of
NF-κB-dependent genes and IL-6 release; it also increased production of NF-κB-driven intercellular adhesion molecule 1
(ICAM-1) and EGFP in liver tissue. At 2h after the H/R procedure in ethanol-fed mice we observed the highest proportion of
NF-κB activated non-parenchymal cells and an NF-κB-dependent increase in polymorphonuclear leukocyte CD11b expression.
CONCLUSIONS AND IMPLICATIONS
The EtOH-diet exacerbated liver injury after H/R, accompanying an overwhelming hepatic and systemic immune response.
Our findings contribute to evidence implicating NF-κB as a key player in the orchestration of the immune response in
haemorrhagic shock patients with a history of chronic ethanol abuse.
Abbreviations
AST, aspartate aminotransferase; EGFP, enhanced green fluorescent protein; H/R, haemorrhagic shock and resuscitation;
ICAM-1, intercellular adhesion molecule 1; PMNL, polymorphonuclear leukocytes
Introduction
Trauma and chronic ethanol abuse constitute two of the
leading causes of morbidity and mortality worldwide
(McDonald et al., 2004; Li et al., 2007). Among trauma
patients, haemorrhagic shock is a leading cause of death
(Cocchi et al., 2007; Angele et al., 2008). Nearly 50% of
trauma patients seen in emergency services have also con-
sumed alcohol. This combination is known to increase the
risk of subsequent complications (Jurkovich et al., 1993;
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Maier, 2001). Ethanol abuse is associated with various patho-
physiological changes that directly affect the liver, such as
steatosis, steatohepatitis, fibrosis and cirrhosis (Mandrekar
and Szabo, 2009; Nau et al., 2013). Acute and chronic alcohol
intoxication significantly alters the organism’s ability to
combat infections at a cellular and molecular level (Goral
et al., 2008; Lau et al., 2009; Szabo and Mandrekar, 2009).
A profound inflammatory process follows haemorrhagic
shock, characterized by expression of cytokines and accumu-
lation of polymorphonuclear leukocytes (PMNL) and recruit-
ment to the site of injury. This, in turn, leads to a systemic
inflammatory response syndrome or may even lead to mul-
tiple organ dysfunction syndrome (Baue et al., 1998; Akgur
et al., 2000; Hierholzer and Billiar, 2001). Haemorrhagic
shock also disrupts the microcirculation (Marzi et al., 1996;
Partrick et al., 1996; Hietbrink et al., 2006). Production of
superoxide anions by NADPH oxidase promotes the genera-
tion of highly toxic peroxynitrite after haemorrhagic shock
and resuscitation (H/R) (Lehnert et al., 2003). In addition,
TNF-α directly causes hepatic dysfunction and stimulates an
immune response that triggers an overwhelming inflamma-
tory burst (Wheeler et al., 2001).
Our group and others have demonstrated that the tran-
scription factor NF-κB may play a crucial role in orchestrating
an immune response after H/R and chronic ethanol intake
(Ono et al., 2004; Lehnert et al., 2008; Relja et al., 2012). NF-κB
is involved in cellular responses to stimuli such as free radicals,
stress, cytokines, ultraviolet irradiation, oxidized LDL and
bacterial or viral antigens. As NF-κB has been additionally
shown to play a crucial role in cancer, inflammatory and
autoimmune disease and septic shock, it is a key target for drug
discovery. In an inactive state, the NF-κB heterotrimer is
present in the cytosol and is mostly composed of the subunits
p65 (RelA) and p50, whereas p65 contains an active C-terminal
transcriptional domain (Baldwin, 1996; Gupta et al., 2010). By
binding the regulatory protein IκB (inhibitor of kappa B) to the
subunit p65, the translocation of NF-κB to the nucleus is
inhibited (Zingarelli, 2005; Gupta et al., 2010). Activating
stimuli trigger phosphorylation and subsequent proteasomal
degradation of IκB, with subsequent phosphorylation of p65.
Once activated, the NF-κB heterodimer translocates to the
nucleus and activates various immunomodulatory genes, such
as those for the intercellular adhesion molecule 1 (ICAM-1)
and the cytokines, IL-6 and TNF-α (Tak and Firestein, 2001).
Activation of NF-κB is crucial both after haemorrhagic shock
and ethanol consumption. In a previous study from our group,
we demonstrated that binge like ethanol exposure prior to H/R
blunts acute inflammatory changes associated with NF-κB
activation and increases survival (Relja et al., 2012). As NF-κB
is involved in the pathophysiology of both H/R and chronic
ethanol abuse, we studied the effects of combining both these
challenges, paying particular attention to the involvement of
NF-κB (Meng et al., 2001; Ono et al., 2004; Lehnert et al., 2008;
Relja et al., 2009; 2012).
Methods
Animals
All animal care and experimental protocols were approved by
the Veterinary Department of the Regional Council in Darm-
stadt, Germany. All studies involving animals are reported in
accordance with the ARRIVE guidelines for reporting experi-
ments involving animals (Kilkenny et al., 2010; McGrath
et al., 2010). A total of 68 animals were used in the experi-
ments described here. Male NF-κBEGFP (C57BL/6 background,
6–8 weeks old, 20–25 g body weight) were housed in separate
individual, filter-top cages in an air flow, light (12 h light/
12 h dark cycle) and temperature (21°C) controlled room,
with free access to food and water. The cis-NF-κBEGFP mouse
strain on a C57BL/6 background was kindly provided by
Christian Jobin, Chapel Hill, NC, USA, and bred in our
in-house facility. In this mouse strain, expression of the
enhanced green fluorescent protein (EGFP) is under the tran-
scriptional control of NF-κB cis-elements; therefore, NF-κB
binding results in transcription of EGFP (Magness et al., 2004)
and levels of EGFP can be used as a marker of the activation
of NF-κB.
Experimental model – duration of feeding
diets and H/R protocol
Mice were randomly divided into pairs and assigned to a
4 week pair-feeding regime of standard Lieber-DeCarli diet
(Sniff Spezialdiäten, Soest, Germany) supplemented with
either maltodextrin (control diet) or ethanol 6.3% (v/v)
(EtOH-diet) (DeCarli and Lieber, 1967). The amount of
ingested ethanol-supplemented diet of one mouse was deter-
mined and an equal volume of maltodextrin-supplemented
diet was fed to the other mouse. Accordingly, isocaloric
feeding of each individual mouse was warranted.
Haemorrhagic shock protocol
Twenty-eight days after feeding the Lieber-DeCarli diet as
described, pair-fed mice were randomly allocated to H/R and
sham-operated groups (9–11 pairs and 7 pairs respectively).
Mice were anaesthetized (Forene® isofluorane, Abott, Wies-
baden, Germany) and their femoral arteries were exposed and
cannulated with polyethylene tubing (Sims Portex, Hythe,
UK). Then, haemorrhagic shock was induced by withdrawing
blood via one catheter in a heparinized syringe (10 units)
over 5 min to a mean arterial pressure (MAP) of 32 mmHg.
Systemic BP and heart rate were monitored via the second
catheter, connected to a pressure transducer (BPA 400; Micro-
Med, Louisville, KY, USA). A MAP of 32 ± 2 mmHg was main-
tained by reinfusion or withdrawal of small volumes of shed
blood for 90 min, and then mice were resuscitated with 60%
of the maximal shed blood volume as whole blood plus 50%
of the maximal shed blood volume as Ringer’s solution
through the arterial catheter (Lehnert et al., 2008). Successful
resuscitation was defined by the restoration of normal BP.
Body temperature was monitored with a rectal probe and
maintained at 37°C with a warming lamp. After resuscitation,
catheters were removed, vessels were ligated and the wounds
were closed. Sham-operated animals underwent the same sur-
gical procedures but without withdrawal of blood.
Killing and collection of tissue and
blood samples
Two or 24 h after the end of resuscitation, mice were anaes-
thetized and killed by exsanguination. From each mouse,
portal venous blood was collected; the liver was flushed with
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normal Ringer solution and then excised and weighed. A
section of the liver’s median lobe was embedded in Tissue-
Tek® O.C.T™ Compound (Sakura Finetek, Helsinki, Finland)
for cryo-sectioning. The remaining liver lobes were snap-
frozen and stored at −80°C. The left lobe was infused and
fixed with 10% neutral buffered formalin and subsequently
embedded in paraffin, sectioned (7 μm) and stained with
haematoxylin–eosin (HE). Analysis of data at 2 and 24 h after
resuscitation from sham-operated animals that were fed
either control- or the EtOH-diet revealed no differences
between treatments. Therefore, the data from these animals
were pooled and only one sham group is presented through-
out the manuscript.
Examination of liver injury – steatosis,
necrosis and enzyme release
Cryo-sections of liver (5 μm) were fixed with 10% formalin.
Hepatic steatosis was assessed using Oil Red O reagent. Pho-
tographs were taken using Axio Observer.Z1 microscope (Carl
Zeiss MicroImaging, Jena, Germany). The extent of labelling
was determined in 10 random fields for each liver by cell
explorer software (Bioscitec, Frankfurt, Germany) and was
expressed as percentage of the total area of the section. The
liver was weighed immediately after excision to calculate liver
weight/body weight ratio. Liver necrosis was assessed in
HE-stained tissue, Serum was stored at −80°C for measure-
ment of enzyme activities of aspartate aminotransferase (AST)
and LDH using a dry chemical system (Kodak Ektachem DT
60 Analyzer and DTSC II, Johnson & Johnson Clinical Diag-
nostics, Neckargemünd, Germany), as described previously
(Prinzinger and Misovic, 2010).
Systemic inflammation
Serum cytokine concentrations. IL-6 and IL-10 in serum
samples was measured using flow cytometry with FACSCali-
bur (BD Biosciences, Heidelberg, Germany) and the Mouse
IL-6 and IL-10 Flex Set with a cytometric bead array according
to the manufacturer’s instructions (BD Biosciences).
EGFP and CD11b cell surface expression in peripheral blood leu-
kocytes. Flow cytometry was performed with RBC-depleted
peripheral blood mononuclear cells that were stained with
combinations of anti-CD11b, -CD14 and -CD16/32 (BD Bio-
sciences, Heidelberg, Germany) to detect EGFP and CD11b
expression on the surface of leukocytes, as described in detail
elsewhere (Kalaydjiev et al., 2008). Data were analysed using
CellQuest Pro (BD Biosciences). Immediate handling of con-
stantly cooled (4°C) samples and the control-fed sham group
decreased the possibility of a false positive result, i.e., green
fluorescence not related to H/R or the EtOH-diet.
Local pro-inflammatory changes
Hepatic expression of inflammatory NF-κB target genes and local
secretion of IL-6. Snap-frozen liver tissue was homogenized
(Precellys24; Bertin Technologies, Montigny-le-Bretonneux,
France) and total RNA was extracted using the RNeasy-system
(Qiagen, Hilden, Germany), subsequently reverse transcribed
with Omniscript® (Qiagen) using the AffinityScript PCR
cDNA Synthesis Kit (Strategene, La Jolla, CA, USA) according
to the manufacturer’s instructions. qRT PCR reactions were
performed and analysed as described in Relja et al. (2012)
using Stratagene MX3005p QPCR system (Stratagene) with
specific primers for target genes (Table 1) and 18S ribosomal
RNA as reference gene, all purchased from SABiosciences
(SuperArray, Frederick, MD, USA). For assessment of whole-
liver IL-6 content, thawed tissue was homogenized (as above)
in lysis buffer (Lehnert et al. 2008) at 4°C, followed by cen-
trifugation for 10 min at 4°C at 17 000× g. Supernatants were
stored at −80°C for later analysis. Concentrations of hepatic
IL-6 were determined using a Quantikine Mouse-IL-6 ELISA kit
according to the manufacturer’s instructions (R&D Systems,
Wiesbaden-Nordenstadt, Germany). The ELISA 96-well micro
titre plates were analysed using a microplate reader Bio-Tek
Ceres UV900C (Bio-Tek, Winooski, VT, USA).
Expression of adhesion molecules in liver sinusoids. Immuno-
histochemistry was performed using rat anti-mouse CD54
(ICAM-1) monoclonal antibody (dilution: 1:75, 1 h room
temperature; Biozol, Eching, Germany) as described in Relja
et al. (2012). Axio Observer.Z1 microscope (Carl Zeiss Micro-
Imaging) was used to capture (×200) and analyse the immu-
nolabelled specimens. The extent of staining in the liver
lobule was determined in randomly selected fields (10 per
section) by an observer who had no knowledge of the group
allocation: 1+ (very low), 2+ (low), 3+ (strong), 4+ (very
strong). Data were pooled to determine means.
Visualization and quantification of cis-NF-κBEGFP transcriptional
induction and NF-κB/p65 in liver tissue. EGFP in tissue speci-
mens from cis-NF-κB EGFP mice was detected by epifluores-
cence microscopy. Tissue samples were fixed with 10%
buffered zinc-formalin for 24 h and paraffin-embedded. Sec-
tions were cut 5 μm and EGFP expression was visualized by
using the FITC reflector of Axio Observer.Z1 (Carl Zeiss Micro-
Imaging) with identical exposure times for each data point.
Localization and cellular expression pattern of activated
NF-κB/GFP was further assessed by immunocytochemistry.
Liver sections were fixed and cut as described and then incu-
bated with anti-GFP antibody (1:400, 60 min, RT; Abcam,
Cambridge, UK). An anti-rabbit HRP-linked secondary anti-
body (30 min, RT, Histofine; Nichirei, Tokyo, Japan) and
diaminobenzidine (Peroxidase EnVision Kit, DakoCytoma-
tion, Hamburg, Germany) was used to detect specific binding,
followed by counterstaining with haematoxylin. GFP-
positive cells were counted in a total of 25 high power (×500)
fields per mouse by observer without knowledge of the group
Table 1
Primers used for qRT-PCR in liver tissue
Gene name RefSeq accession No. UniGene No.
mouse Il6 NM_031168.1 Mm.1019
mouse Icam1 NM_010493.2 Mm. 435508
mouse Mmp9 NM_013599.2 Mm. 4406
mouse Tnf NM_013693.2 Mm. 1293
Icam1, intercellular adhesion molecule 1.
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allocation. Non-parenchymal cells (NPCs) were identified by
morphology and localization in the liver acinus. Quantifica-
tion of activated NF-κB was performed by Western blot analy-
sis of the phosphorylated p65 subunit and GFP, using rabbit
anti-p-65 antibody (Cell Signaling, Frankfurt, Germany) and
the anti-GFP antibody used for immunohistochemistry as
described previously (Relja et al., 2012). In brief, total liver
proteins were extracted, as described earlier. Lysates
(100 μg protein) were separated by electrophoresis on 8%
polyacrylamide-SDS gels and transferred to PVDF membranes
(Starlab International, Ahrensburg, Germany). Mouse anti-β-
actin antibody (Sigma, Taufkirchen, Germany) served as
internal control. Proteins were detected, films were digitized
using Fusion Fx7 (PEQLAB Biotechnology, Erlangen,
Germany), and the integrated density of individual bands
was determined using BIO-1D Advanced (PEQLAB Biotech-
nology). By densitometric measurements using the same soft-
ware, the amount of protein expression was normalized to
β-actin. Phosphorylated p65 from whole cell extracts pro-
vides only limited evidence for NF-κB activation, but in the
mice used here, the EGFP is under the transcriptional control
of NF-κB and thus serves as an indicator of NF-κB activation.
Further evidence for NF-κB activation was provided by the
quantification of ICAM-1 (Figure 7) and MMP 9 (Figure 10D)
that are predominantly under the transcriptional control of
NF-κB (Gupta et al., 2010).
Data analysis
Data are presented as mean ± SEM. Differences between
groups were determined by ANOVA followed by post hoc analy-
sis (Student–Newman–Keuls), or by Kruskal–Wallis post hoc
testing. Fisher’s exact test was used for analysis of survival
data. A P-value of less than 0.05 was considered significant.
Results
Chronic ethanol feeding results in
hepatomegaly and marked steatosis
Feeding mice with the ethanol-containing Lieber-DeCarli diet
(EtOH-diet) for 28 days increased the liver/body weight ratio
from 4.3 ± 0.1 (mice fed control diet, n = 27) to 5.9 ± 0.2
(ethanol-fed mice, n = 27, P < 0.01) indicating a relative
increase in liver weight. This increase of liver weight was due
to the marked steatotic changes induced by the EtOH-diet
over 4 weeks. These changes were not present after feeding
the control diet (32.2 vs. 6.3% of Oil Red O positive area,
respectively, P < 0.01; Figure 1).
Haemodynamic characteristics of
haemorrhagic shock and survival rate
As ethanol itself may have an effect on vasoregulation
(Patterson-Buckendahl et al., 2005), we compared the base-
line MAP among the diet groups. Animals on the EtOH-diet
showed an elevated MAP before the H/R procedure, com-
pared with pair-fed controls (Table 2); resuscitation protocol
restored MAP to identical levels (Table 2). The volume of
blood removed to maintain a hypotension of 32 mmHg was
lower in ethanol-fed mice, a trend that did not reach statis-
tical significance (P = 0.09; Table 2). Survival rates were deter-
mined 24 h after H/R. One out of 15 of the mice fed control
diet died within 24 h after H/R, whereas 6 out of 15 of the
EtOH-diet mice died after H/R (P < 0.04; Table 2).
A B
Figure 1
Oil Red O staining reveals hepatic steatosis after the EtOH-diet. Four
weeks after feeding mice either an ethanol-containing or a control
diet (pair feeding), hepatic cryo-sections were obtained. Marked
steatosis was present, as shown by severe accumulation of Oil Red
O-stained fat vacuoles in pericentral and periportal zones of liver
parenchyma (panel B, Table 2). Bar equals 50 μm.
Table 2
Characteristics of BP controlled H/R model
Ctrl diet EtOH diet P-value
MAP – before shock (mmHg) 70 ± 1.9 75 ± 1.7* 0.03
MAP – during sham (mmHg) 75 ± 2.4 79 ± 1.9 0.16
MAP – during shock (mmHg) 31 ± 0.4 30 ± 0.3 0.97
MAP – at 15 min reperfusion (mmHg) 50 ± 3.9 50 ± 3.0 0.96
MAP – end of reperfusion (mmHg) 74 ± 5.2 80 ± 4.4 0.14
Shed blood volume (mL) 0.83 ± 0.03 0.75 ± 0.03 0.09
Mortality at 24 h after H/R (%) 6.7 (1 out of 15) 40.0* (6 out of 15) 0.04
*P < 0.05 versus Ctrl. Values shown are means ± SEM. MAP (mean arterial BP, in mmHg) was measured during sham operation and H/R
protocols. Group sizes: 7–11. Statistical analysis of MAP was performed using Student’s t-test. Mortality was analysed with Fisher’s exact test.
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Hepatic injury after H/R – necrosis and
cellular damage
Liver sections from mice fed the control diet revealed some
areas of coagulative necrosis at 2 h after H/R (Figure 2C).
H/R-induced necrosis was augmented in mice on the EtOH-
diet, as indicated by nuclear breakdown and cellular enlarge-
ment in predominantly midzonal and pericentral areas of
liver parenchyma (Figure 2D). In control-fed mice, our H/R
procedure raised the serum activity of AST – an indicator of
liver damage at 2 h after H/R as compared with sham-
operated animals (P < 0.05; Figure 3A). In mice on the EtOH-
diet, this raised AST at 2 h after H/R, was increased still
further (Figure 3A). Twenty-four hours after H/R, AST
declined to near basal levels in both treatment groups. LDH,
a marker of general cell damage, was elevated in animals on
the EtOH-diet 2 h after H/R compared with mice fed the
control diet (P < 0.05; Figure 3B). These results indicated that
the EtOH-diet caused cellular injury, soon after H/R.
Systemic inflammatory changes after the
EtOH-diet, before H/R
Elevated levels of circulating IL-6 and IL-10. The EtOH-diet
and H/R caused a systemic inflammatory and counter-
inflammatory response, as determined by circulating levels of
IL-6 and IL-10, 2 h after H/R. IL-6 levels rose markedly in the
EtOH-diet+H/R group compared with the Ctrl+H/R and
EtOH-diet+sham groups (P < 0.05; Figure 4A). Serum IL-6 was
also significantly increased in the EtOH-diet group after
sham operation (Figure 4A). Systemic levels of the anti-
inflammatory cytokine, IL-10, were also elevated 2 h after
H/R in EtOH-diet mice, compared with corresponding values
from the control+H/R mice and also compared with mice that
underwent sham operation (P < 0.05; Figure 4B).
The EtOH-diet primed blood neutrophil granulocytes (PMNL).
Simultaneous analysis of the expression of the integrin Mac-1
(CD11b/CD18) and EGFP in PMNL from peripheral blood
samples demonstrated an elevated CD11b expression in
EtOH-diet mice after H/R, compared with the Ctrl+H/R group
(P < 0.05; Figure 5F, an effect also present after the sham
procedure (P < 0.05; Figure 5F). The expression of EGFP was
significantly increased after H/R in EtOH-diet mice in the
CD11b positive cell population, compared to values in mice
fed the control diet (Figure 5E); EGFP was not different after
sham operation (Figure 5E). Thus, the EtOH-diet, by itself,
caused a considerable pre-activation of circulating neutro-
phils, an effect that was markedly enhanced by H/R.
Hepatic inflammation
Gene expression and release of pro-inflammatory NF-κB responsive
cytokines in liver tissue. Semi-quantitative real-time PCR
analysis showed a significant elevation of IL-6 in hepatic
tissue from mice on the EtOH-diet, after H/R compared with
sham-operated mice (Figure 6A). Hepatic gene expression of
TNF-α was also increased after EtOH-diet+H/R compared




Profound necrosis after H/R in fatty liver from mice on the EtOH-diet. After feeding either the EtOH-diet (EtOH) or the control diet (Ctrl), mice
were subjected to H/R or sham operation. Representative photomicrographs of paraffin-embedded liver sections stained with haematoxylin and
eosin are given. A typical necrotic area (circle) and cytosolic lipid droplets accumulated as large fat vacuoles in hepatocytes (circle, panels B and
D) are marked. No signs of liver damage were observed in sham-operated, control mice (A). Bar equals 100 μm.
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induced a hepatic inflammatory response as indicated by
increased hepatic IL-6 release, compared with mice fed
control diet (P < 0.05; Figure 6C). Two hours after H/R, EtOH-
diet mice had higher hepatic IL-6 levels than those in mice
undergoing H/R that were fed control-diet (P < 0.05;
Figure 6C).
Hepatic CD54 (ICAM-1) expression increased strongly in
EtOH-diet mice after H/R (Figure 7B), compared to sham-
operated mice (Figure 7D; P < 0.05) and mice fed control diet
after H/R (Figure 7B; P < 0.05; Figure 7E), as demonstrated by
immunohistochemistry. Parenchyma surrounding central
venules and midzonal areas showed the most intense staining
(Figure 7B). Corresponding to these results, levels of mRNA
for ICAM-1 were strongly enhanced 2 h after H/R in EtOH-
diet mice (P < 0.05; Figure 7F). These results show that the
EtOH-diet modulated the local early pro-inflammatory
response before H/R, as assessed by the hepatic levels of
ICAM-1, IL-6 and TNF-α.
Effect of the EtOH-diet and H/R on NF-κB
transcriptional activity in livers from
cis-NF-κBEGFP mice
Hepatic topography and cellular activation pattern of EGFP in
vivo. To assess the time and site-specific expression of
EGFP correlating with NF-κB activity after H/R and the
EtOH-diet, untreated liver sections were analysed by epifluo-
rescence microscopy at 2 and 24 h after resuscitation. Low
levels of GFP were detected at 2 h after H/R compared with
sham-operated mice (Figure 8C vs. 8A), but 24 h after H/R,
there was an increase in hepatic fluorescence denoting the
presence of NF-κB-dependent EGFP. Feeding with the EtOH-
diet further increased the GFP signal (Figure 8F) compared
with mice fed control diet (Figure 8E). GFP immunolabelling
confirmed these findings and revealed that GFP-stained cells
were mainly located in midzonal areas (Figure 9I,J). Hence,
GFP expression strongly increased after the EtOH-diet, at
2 and 24 h after H/R, compared to mice fed control diet (P <
0.05; Figure 8K). Morphologically, a considerable amount of
GFP-positive cells belonged to the NPC fraction. After the
sham procedure, feeding with the EtOH-diet was associated
with an enhanced percentage of NPC that expressed GFP,
compared with mice fed control diet (P < 0.05; Figure 9).
This difference was largely attenuated after H/R, indicating
an H/R-dependent activation of NPC in mice that received
the control diet (Figure 9). These results indicate that the
EtOH-diet increased NF-κB activation in the hepatic NPC
fraction.
Detection and quantification of NF-κB/p65
and NF-κB driven expression of MMP-9
We further characterized the transcriptional activity of NF-κB
after H/R by Western blotting. Antibodies specific for GFP and
phosphorylated NF-kB/p65 were used in liver homogenates,
collected 2 and 24 h after H/R (Figure 10A). After the EtOH-
diet, GFP was elevated both after sham and after H/R at 2 and
24 h, compared with mice fed the control diet (P < 0.05;
Figure 10B). The early (2 h) and late (24 h) activity of NF-κB/
p65 after the EtOH-diet revealed a peak expression of
phospho-p65 at 2 h after H/R (P < 0.05; Figure 10C). The
EtOH-diet increased the expression of phospho-p65 also after
Figure 3
The EtOH-diet increases hepatocellular injury at 2 and 24 h after H/R.
Serum activity of AST and LDH was determined in mice on the
EtOH-diet, after sham procedure or 2 and 24 h after H/R Ctrl: mice
fed control diet, EtOH: the EtOH-diet mice, *P < 0.05 versus 24 h H/R
and sham; #P < 0.05 versus Ctrl, n = 7–11.
Figure 4
Systemic inflammatory changes are substantially aggravated 2 h
after H/R in combination with the EtOH-diet (EtOH). Serum IL-6 and
IL-10 levels were measured by CBA after H/R in the EtOH-diet mice
and mice fed control diet (Ctrl). Data are presented as means with
SEM. (A) serum IL-6 levels; serum IL-10 concentration (panel B); *P <
0.05 versus all, #P < 0.05 versus Ctrl, n = 7–9.
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sham procedure and at 2 h and 24 h after H/R, compared
with the mice fed control diet (Figure 10C). Analysis of NF-κB
controlled MMP-9 gene expression revealed a significant
increase in the EtOH-diet group at 2 h after H/R, compared
with the control+H/R group and the EtOH-diet group after
the sham procedure (Figure 10D). Taken together, these data
indicate that NF-κB activation is brought about, at least par-
tially, by phosphorylation of p65 and is markedly enhanced
by H/R and by the EtOH-diet. It is predominantly located in
NPC at early time points; however, at 24 h after H/R, the
activation pattern spreads from NPC to a similar activation in
all subsets of hepatic cells and is located mainly midzonally.
Thus, H/R strongly modulated the pre-existing effects of
feeding with the EtOH-diet on the NF-κB activation pattern.
Discussion and conclusions
There is a large body of evidence that NF-κB plays a crucial
role to initiate immune responses after both ethanol
consumption and H/R (Ono et al., 2004; Goral et al., 2008;
Lau et al., 2009). To evaluate mortality, organ injury,
Figure 5
The EtOH-diet increases expression of CD11b on PMNL cell surface and induces cis-NF-κBEGFP transcriptional activity at 2 h following H/R.
Representative FACS dot plots are given. In (A), whole leukocyte population was analysed and PMNL were gated (R2) according to the
forward/side scatter properties (FSC, SSC) of PMNL. In (B), CD11b (FL-3) versus EGFP (FL-1) of isotype control is presented. In (C), CD11b versus
EGFP of Ctrl-H/R is given. A subset of PMNL is both EGFP and CD11b positive, shown in panel (D). Mean fluorescence intensity (MFI) of EGFP
(panel E), *P < 0.05 versus all. CD11b-MFI (panel F); *, #P < 0.05 versus Ctrl, n = 7–11.
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inflammatory response and the time- and cell-/organ-specific
activation of NF-κB after both the EtOH-diet and H/R, we
applied a NF-κB EGFP reporter gene mouse model, as
described previously (Magness et al., 2004; Yang et al., 2005;
Kielland and Carlsen, 2010).
We demonstrated that a combination of EtOH-diet and
H/R increased mortality and increased liver injury accompa-
nied by elevated levels of systemic and local IL-6 and
enhanced hepatic expression of NF-κB-related genes, such as
TNF-α, ICAM-1 and MMP-9 (Figures 4A, 6, 7F and 10D). Using
the cis-NF-κBEGFP reporter gene mice, we showed a pro-
nounced activation of NF-κB in midzonal and pericentral
regions of the liver azinus after H/R (Figures 8F and 9F). NPCs,
including Kupffer cells, contribute, at least in part, to this
inflammatory response, as 75% of NPC expressed GFP, the
indicator of NF-κB activation. However, the EtOH-diet alone
induced a profound activation of NPC, even without H/R
(Figure 9H). Feeding with the EtOH-diet also contributed to
NF-κB associated up-regulation of adhesion molecules in cir-
culating neutrophils compared with mice fed control diet at
2 h after H/R. Therefore, feeding with the EtOH-diet may
have a priming effect, accounting for the profound patho-
physiological changes observed in this experimental setting
(Figure 5). However, despite these ethanol-dependent effects
on inflammatory response, the pathophysiological features of
the H/R procedure remained unchanged (Table 2).
Feeding with the EtOH-diet is a well-established model of
chronic ethanol ingestion (Lieber et al., 1989; Perides et al.,
2005; Bradford et al., 2008). This voluntary feeding model
reliably causes signs of hepatic steatosis, mimicking hepatic
changes in humans after chronic ethanol consumption. We
also found steatosis, a characteristic feature of liver injury
induced by chronic ingestion of ethanol, with subsequent
elevation of the liver to body weight ratio as well as a marked
increase in Oil Red O positive droplets when compared with
the mice that received the isocaloric ethanol-free diet, as
described previously (Table 2 and Figure 1B) (Bradford et al.,
2008).
The immunomodulatory effect of the EtOH-diet in our
H/R model was characterized by elevated systemic and
hepatic IL-6 levels, as well as enhanced gene expression of
IL-6 and TNF-α (Figures 4A and 6). Correspondingly, ICAM-1
expression was highest in mice on the EtOH-diet after H/R
(Figure 7B,E,F). These changes were associated with a higher
mortality and an elevated transaminase and LDH release,
signifying hepatic and general cellular damage, after H/R in
EtOH-diet mice (Figure 3 and Table 2). IL-6 expression is
elevated after H/R in rodents and hepatocellular damage after
H/R is largely prevented either by IL-6 antibody treatment or
using IL-6 knockout mice (Meng et al., 2001; Ono et al.,
2004). Apart from the effects of H/R, diets with ethanol
increase systemic as well as hepatic levels of IL-6 in rats
(McClain et al., 1993; Iimuro et al., 1997; Yin et al., 1999).
TNF-α also contributes substantially to fatty liver after
chronic ethanol feeding, an effect that is attenuated after
treatment with anti-TNF-α antibodies (Iimuro et al., 1997;
Goral et al., 2008; Mandrekar and Szabo, 2009). CD54 (ICAM-
1), an NF-κB-related adhesion molecule, is necessary for neu-
trophil recruitment to the site of tissue injury and is elevated
after chronic ethanol ingestion and after H/R (Zingarelli,
2005; Lehnert et al., 2006; 2008; Relja et al., 2012). CD11b/
CD18 (Mac-1) mediates adhesion of PMNL to vascular
endothelial cells after immune stimulation such as trauma. It
is shuttled in specific granules to the neutrophil surface, and
after adhesion to the vessel wall and infiltration into tissues,
PMNL release different mediators, chemokines or reactive
oxygen species that cause accumulation of additional
immune cells and further tissue damage (Marzi et al., 1995;
Jaeschke, 2006; Ramaiah and Jaeschke, 2007; DiStasi and Ley,
Figure 6
H/R increases the EtOH-diet-induced gene expression and release of
pro-inflammatory cytokines. Total RNA was extracted from liver
tissue, harvested 2 h after H/R, reverse-transcribed and amplified by
RT-PCR using specific IL-6 and TNF-α primer. After normalization to
18S rRNA expression, mRNA levels were determined as fold increase
compared with sham-operated group fed the EtOH-diet (EtOH).
Gene expressions of IL-6 (panel A, *P < 0.05 vs. sham), and TNF-α
(panel B, *P < 0.05 vs. Ctrl) are shown .ELISA for mouse IL-6 was
performed using isolated total liver proteins at 2 h after H/R (panel C,
*P < 0.05 vs. Ctrl; #P < 0.05 vs. Ctrl); n = 7–9.
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2009; Henrich et al., 2011; Seitz et al., 2011). The EtOH-diet in
our model resulted in increased up-regulation of CD11b/
CD18 (Mac-1), associated with NF-κB, suggesting a pre-
activation or ‘priming’ of PMNL (Figure 5). Chronic ethanol
consumption compromises the gut barrier function with
concomitant endotoxemia, release of damage-associated
molecular patterns and pathogen-associated molecular pat-
terns that may well contribute to the exaggerated inflamma-
tory changes seen in our model (Wheeler, 2003; Goral et al.,
2008; Chen and Nunez, 2010; Zhang et al., 2010).
Although NF-κB is known as an important transcription
factor after H/R as well as after chronic ethanol feeding, there
are only a few studies that further evaluate its role in a model
combining both conditions (Uesugi et al., 2001; Ono et al.,
2004). This is the first report, to our knowledge, that localizes
NF-κB activation predominantly to a midzonal/pericentral
region after H/R in mice receiving 4 weeks of the EtOH-diet
(Figure 8). In these mice, before H/R, up to 60% of all EGFP-
positive cells, signifying NF-κB activation, belong to the NPC
fraction (Figure 9) (Thurman, 2000). Adding H/R to the
EtOH-diet mice did not induce a further increase, but H/R did
raise the proportion of NPCs positive for EGFP after feeding
the control diet (Figure 9). These results support the hypoth-
esis that early inflammation after H/R derives from NF-κB
activation in NPC, predominantly in more hypoxic regions of
the liver lobule. Our topographical characterization of NF-κB
activation in midzonal/pericentral regions coincides with the
suggestion from previous reports, that both ATP depletion
and coagulative necrosis also demonstrate a pericentral
pattern (Paxian et al., 2003). Twenty-four hours after H/R, the
proportion of EGFP-positive NPCs declined, with an overall





The EtOH-diet (EtOH) intensifies ICAM-1 activity and gene expression at 2 h after H/R. Immunohistochemistry for ICAM-1 was performed on liver
cryo-sections (panels A–D). ICAM-1 positive areas were quantified using a score, ranging from 0 (no activity) to 4 (high activity) (panel E). Hepatic
mRNA levels were measured as described (F, *P < 0.05 vs. sham). n = 7–9; bar equals 50 μm.
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the spread of inflammation to hepatocytes, at later time
points (Figure 9).
Thus, local and systemic inflammation was exacerbated
by the combination of both the EtOH-diet and H/R. By con-
trast, results from our group using a binge-like, single dose
ingestion of ethanol, 12 h before H/R strongly attenuated the
early systemic and hepatic inflammation and reduced mor-
tality in a model of H/R (Relja et al., 2012). Taken together,
our results clearly identify different and partially opposing
effects of chronic and acute alcohol intake on the liver, as an
important organ to modulate post-traumatic inflammation,
with NF-κB representing an important player to orchestrate
the modulation of inflammation, as described in this study.
In conclusion, our double-hit model of chronic ethanol
ingestion and haemorrhagic shock provides evidence that the
NF-κB pathway is strongly involved in the systemic inflam-
matory changes and the subsequent hepatic injury and
immune response. Further studies will be required to eluci-
date the cell-specific NF-κB driven contribution to these
pathophysiological changes, following the combination of
chronic ethanol intake with trauma and haemorrhage.
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Topographic mapping and enhanced induction of the cis-NF-κBEGFP transgene in liver tissue after H/R following pair-feeding with the EtOH-diet
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